Abstract Rapid economic and population growth over the last centuries have started to push the Earth out of its Holocene state into the Anthropocene. In this new era, ecosystems across the globe face mounting dual pressure from human land use change (LUC) and climate change (CC). With the Paris Agreement, the international community has committed to holding global warming below 2 ∘ C above preindustrial levels, yet current pledges by countries to reduce greenhouse gas emissions appear insufficient to achieve that goal. At the same time, the sustainable development goals strive to reduce inequalities between countries and provide sufficient food, feed, and clean energy to a growing world population likely to reach more than 9 billion by 2050. Here, we present a macro-scale analysis of the projected impacts of both CC and LUC on the terrestrial biosphere over the 21st century using the Representative Concentration Pathways (RCPs) to illustrate possible trajectories following the Paris Agreement. We find that CC may cause major impacts in landscapes covering between 16% and 65% of the global ice-free land surface by the end of the century, depending on the success or failure of achieving the Paris goal. Accounting for LUC impacts in addition, this number increases to 38%-80%. Thus, CC will likely replace LUC as the major driver of ecosystem change unless global warming can be limited to well below 2 ∘ C. We also find a substantial risk that impacts of agricultural expansion may offset some of the benefits of ambitious climate protection for ecosystems.
Introduction
With the Industrial Revolution, humans have emerged as a major driver of change in the Earth system, prompting the advent of the Anthropocene (Steffen et al., 2007) . Today, 7.5 billion people rely on the biosphere to supply them with a multitude of essential ecosystem services (Millennium Ecosystem Assessment, 2005; UNPD, 2015) . For the purpose of food production alone, roughly 1500 Mha of land are used to grow crops, and twice as much grazing land feeds cattle, sheep, and other livestock (FAO, 2016) . Three quarters of the land surface show signs of human alteration as they are either used directly or have become embedded within agricultural land or settlements (Ellis et al., 2010) . Land use in combination with humanity's utilization of fossil fuels has released a total of 565 ± 55 Gt carbon into the atmosphere between 1870 and 2016 and has increased atmospheric CO 2 concentration from ≈278 ppm at the beginning of the industrial era (1750) to 403 ppm in 2016 (Dlugokencky & Tans, 2017; Joos & Spahni, 2008; Le Quéré et al., 2016) . The resultant global warming has crossed 1 K above the 1880-1900 global annual average surface temperature in 2015 (GISTEMP Team, 2017; Hansen et al., 2010) , reaching the half point to the 2 ∘ C limit set by the international community in the Paris Agreement (UNFCCC, 2016) . Taking the Paris Agreement into account, three outcomes for the 21st century can be imagined: (1) assuming a full success, global warming will be limited to well below 2 ∘ C above preindustrial, (2) emissions will be reduced, but not enough to limit global warming to 2 ∘ C, (3) in case of a widespread failure of the Paris Agreement emissions continue to rise unabated.
Given that global population and its food demand is still on the rise, and taking into account the inertia of the climate system, pressure on the biosphere from land use change (LUC) and climate change (CC) is likely to increase over the course of the 21st century even in the best of these three cases. Furthermore, as pointed out by Rockström et al. (2016) , negative greenhouse gas (GHG) emissions are a key requirement of most recent scenarios assessed by the Intergovernmental Panel on Climate Change (IPCC) that attempt to limit warming to below 2 ∘ C (IPCC, 2014). Usually, these scenarios rely on bioenergy with carbon capture and storage (BECCS) to deliver a carbon sink in the order of magnitude of the global ocean sink . As such, reducing one pressure on the biosphere (CC) may directly exacerbate the other (LUC).
Although impacts of CC and LUC on ecosystems have been documented for every continent and major biome, quantifying them in a comprehensive, consistent and comparable manner across the globe for both past and future changes still poses methodological challenges. Ellis and Ramankutty (2008) proposed to map the historical anthropogenic transformation of the biosphere by way of anthropogenic biomes or "anthromes", recognizing that human impacts extend beyond the land used directly to create a number of seminatural systems. Changes in 21st century land cover driven by CC and LUC have been studied before for a subset of the Representative Concentration Pathways (RCPs) (Boit et al., 2016; Davies-Barnard et al., 2015) . For our study, a more complex model-based indicator of human interference with the biosphere at the landscape level (Heyder et al., 2011; Ostberg et al., 2015) is used to estimate how much CC and LUC impact landscapes worldwide individually and in their interaction during the historical period (20th century) and for a set of CC and associated LUC scenarios representative of the three outlined Paris outcomes (21st century). The analysis compares the relative strength of CC and LUC effects and their joint impact on the terrestrial biosphere and highlights the consequences of different levels of CC mitigation. We further investigate whether trade-offs between CC and LUC impacts emerge in the scenarios based on different strategies of future land use. This study expands on the comparison of historical CC and LUC impacts on the biosphere presented in Ostberg et al. (2015) .
Emissions reductions pledged by countries in order to achieve the 2 ∘ C target, so-called Intended Nationally Determined Contributions (INDCs), only cover the period up to 2030, so any assessment of long-term climate impacts is highly dependent on assumptions about how emissions develop thereafter. Preliminary analysis of the INDCs suggests that they will likely not be sufficient to limit warming to below 2 ∘ C unless mitigation efforts are stepped up considerably after 2030 (e.g., Fawcett et al., 2015; Rogelj et al., 2016; UNFCCC, 2015) . While simple reduced-complexity climate models have been used to estimate global average temperature rise resulting from a range of INDC extensions (e.g., Climate Action Tracker, http:// www.climateactiontracker.org/), these do not provide spatial patterns of temperature change or changes in other climate variables which are required for an impact assessment. For this study, we use climate projections produced by a large number of climate and Earth system models as part of the fifth phase of the Coupled Model Intercomparison Project (CMIP5, Taylor et al., 2012) and based on the RCPs (van Vuuren et al., 2011a) . Although developed independently of the Paris process, RCP2.6 is used here to represent a "Paris success." RCP4.5 is used as a proxy for an "INDC+" world where mitigation efforts are increased somewhat over INDC levels, but not enough to safely stay within the 2 ∘ limit. RCP6.0 is used to represent an "INDC" world where efforts after 2030 continue the 2020-2030 trends. These three scenarios lead to 1.6 ± 0.4 K (multimodel mean and standard deviation), 2.4 ± 0.5 K and 2.8 ± 0.5 K of global warming in 2081-2100 compared to the average global mean temperature in 1850-1900, respectively (Collins et al., 2013) . Lastly, RCP8.5 is used as a proxy for a "Paris failure" scenario. Assuming continued high GHG emissions in the absence of effective mitigation, this pathway leads to 4.3 ± 0.7 K of global warming by the end of the century.
The RCPs are based on a set of Integrated Assessment Model (IAM) scenarios which also include scenarios of future land use consistent with the climate projections (Hurtt et al., 2011) . For this study, each RCP CC 10.1002/2017EF000628 scenario is combined with the respective LUC scenario (see Subsection 2.3 below for a characterization of LUC forcing in each scenario).
For the quantification of terrestrial biospheric change, each landscape is treated as a point in a multidimensional state space that gets shifted from its reference conditions to a new state by CC and LUC (Heyder et al., 2011; Ostberg et al., 2015) . In this context, a landscape is defined as a contiguous area of land which may feature both natural vegetation and managed land-similar to the anthrome concept-but is characterized by homogeneous weather conditions and represented by a grid cell in the model (see "Methods" below). The distance between two positions in the state space describes the level of human interference with the biosphere in each landscape. The Γ metric used here combines changes in biogeochemical processes and vegetation structure to quantify changes in landscape states (see Table S1 in the Supporting Information S1 for the full list of parameters). These parameters serve as a proxy for several ecosystem services, such as food production (harvest), carbon sequestration (carbon stocks), and freshwater provisioning (runoff ). Although they represent rather broad biogeochemical and structural properties, changes to these fundamental building blocks imply a risk of substantial, potentially self-amplifying transformations in the underlying, much more complex system characteristics, food chains and species composition, with possible implications for biodiversity (Heyder et al., 2011) .
The Γ metric is a unit-less number scaled between 0 (no change) and 1 (very strong change, see Methods below). Following previous applications (e.g., Heyder et al., 2011; Ostberg et al., 2013 Ostberg et al., , 2015 , Γ < 0.1 is considered a minor, values between 0.1 and 0.3 a moderate and Γ > 0.3 a major landscape change. For illustrative purposes, the difference between present-day biomes generally adopts values of Γ > 0.3, such as a tropical rainforest changing into a tropical seasonal forest (∼0.30), a tropical savanna (∼0.5-0.7) or a grassland (∼0.85); or a boreal forest changing into a temperate forest (∼0.3-0.4) or a temperate savanna (∼0.5-0.6), whereas moderate changes may be compared in magnitude to the difference between similar biomes, such as a temperate coniferous forest and a temperate broadleaved forest (∼0.1-0.2) . For LUC impacts, the magnitude of change depends on a number of factors such as the fraction of the grid cell that is transformed, the vegetation type that is replaced, and land use type and history, with major impacts (Γ > 0.3) calculated for landscapes where more than 40%-60% of the area have been converted to land use (Ostberg et al., 2015) .
Methods
The Γ metric of the risk of landscape-level biogeochemical change is used here to assess systematically the dual pressure from LUC and CC on the biosphere. It captures five dimensions of change (Heyder et al., 2011; Ostberg et al., 2015) :
ΔV quantifies the structural dissimilarity between two landscape states in terms of basic plant life forms (trees, grass, or bare ground) and their attributes (modified after Sykes et al., 1999, see Text S1 in the Supporting Information S1). S, c, g, and b are calculated in the multidimensional state space characterized by the biogeochemical properties in Table S1 in the Supporting Information S1.
Local change c quantifies relative changes in biogeochemical stocks and fluxes compared to local reference conditions in each landscape, represented by a grid cell in the model (see below).
By comparing local changes to the global mean reference conditions, global importance g captures the varying contribution of each grid cell to global biogeochemical cycles, taking into account that even moderate (relative) changes on the local scale may feed back to larger scales if large enough in absolute terms.
Ecosystem balance b, which is calculated as the angle between state vectors, quantifies shifts in the relative magnitude of biogeochemical properties with respect to each other as an indicator for qualitative changes in the balance of dynamic processes, which may signal a breakdown of ecological functioning.
S evaluates the change in each of the previous four components in comparison to its interannual variability under reference conditions, based on the assumption that ecosystems are adapted to the variability they are regularly exposed to but may be vulnerable if it is exceeded.
For more details about the vector geometry and the sigmoid transformation functions used to scale S, c, and g between 0 and 1, see Text S2 in the Supporting Information S1 and Heyder et al. (2011) .
The LPJmL dynamic global vegetation model is used to simulate landscape states and their evolution through CC and LUC, providing all parameters in Table S1 in the Supporting Information S1. LPJmL is well-established and has been extensively documented before so the following is only a short summary. The model simulates key ecosystem processes such as photosynthesis, plant and soil respiration, carbon allocation, evapotranspiration and phenology for natural vegetation represented by nine plant-functional types (PFTs) (Sitch et al., 2003) , agricultural production represented by 12 crop-functional types (CFTs) and managed grassland (Bondeau et al., 2007) , as well as dedicated biomass plantations (for bioenergy) using two woody and one herbaceous biomass-functional types (BFTs) (Beringer et al., 2011) . In each grid cell PFTs compete for light, space, and water. Their establishment is constrained by climatic suitability and the density of the existing vegetation, whereas their mortality depends on climatic stress (i.e., heat), plant density and growth efficiency (Sitch et al., 2003) . Fire disturbance in natural vegetation is simulated using the Glob-FIRM fire model (Thonicke et al., 2001) , which estimates day-to-day fire probability based on litter moisture and the annual burned fraction of the grid cell based on the length of the fire season. The LPJmL model version used here includes a five-layer soil hydrology and permafrost module . CFTs, managed grassland and BFTs are grown on prescribed areas (see section on land use data below), with a distinction between rain-fed and irrigated agriculture. Irrigation is possible on prescribed areas equipped for irrigation, with water demand derived from the soil water deficit below optimal growth (Rost et al., 2008) . To provide a better representation of irrigation efficiency, i.e., the partitioning of water withdrawn into beneficial consumption by the plant and conveyance and application losses, the model distinguishes three major irrigation systems (surface, sprinkler, and drip) (Jägermeyr et al., 2015) . Sowing dates for annual crops are computed internally based on a set of rules depending on crop-and climate-specific characteristics (Waha et al., 2012) , and crops are harvested after reaching a crop-specific phenological heat unit sum. Crop residues are left on the field, and extensive grass growth is simulated outside the growing period of annual crops as a proxy for inter-cropping practices (Bondeau et al., 2007) . Other aspects of crop management, fertilizer application or soil fertility management are not explicitly modeled. To account for nonclimatic factors influencing agricultural intensities maximum leaf area index (LAI max ) of each CFT is calibrated to best match FAOSTAT national yields at the country level (Fader et al., 2010) . Managed grassland is harvested monthly, with global harvest tuned to fulfill present-day global feed demand for livestock production and harvest fraction in each grid cell dependent on local productivity. Depending on the scenario, bioenergy plantations are either stocked with highly productive C4 grasses or broadleaved trees (representative of willow/poplar for the temperate zone and eucalyptus for the tropics). 85% of the leaf mass of bioenergy grasses is harvested once or several times a year when leaf carbon stocks reach 400 g/m 2 , whereas bioenergy trees are managed as short-rotation coppice systems harvested every eight years (Heck et al., 2016) . The model runs at a daily time step and a spatial resolution of 0.5 ∘ by 0.5 ∘ . It is driven by monthly fields of cloud cover, precipitation, and temperature which are disaggregated to daily values following Gerten et al. (2004) .
Input Data
Climate input is created from all climate models from the CMIP5 archive that provide all required variables for the historical period and all four RCP scenarios (20 models in total, https://pcmdi.llnl.gov/projects/ cmip5/). In a first step, raw climate model output is interpolated to a 0.5 ∘ by 0.5 ∘ resolution by bilinear interpolation. Next, simulated time series of each variable are corrected for systematic errors in mean and variance applying a quantile mapping approach based on the method described in Watanabe et al. (2012) . While the original approach was developed for the bias correction of time slices, the required statistics (mean and variance) are calculated for each time step applying a moving 31-year window. Obtained statistics are compared to climate observations for the reference period 1970-2000 to derive correction offsets (temperature) and correction factors (cloud cover, precipitation, all variances). Observational reference data are taken from the Climatic Research Unit's time-series (CRU TS) 3.21 datasets (Harris et al., 2014 ; University of East Anglia Climatic Research Unit et al., 2013) for temperature and cloud clover and from the Global Precipitation Climatology Centre's (GPCC) full data reanalysis version 6 (Becker et al., 2013; Schneider et al., 2011) for precipitation. Wet-day frequency, which is used by LPJmL to distribute monthly precipitation sums, is created synthetically following Heinke et al. (2013) since it is not provided directly by the climate models.
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Annual midyear atmospheric CO 2 concentrations for both the historical period and all four RCP scenarios are taken from the RCP database (http://tntcat.iiasa.ac.at/RcpDb).
Land use input is based on the land use harmonization (LUH) products created for CMIP5 (Hurtt et al., 2011 , available at http://luh.umd.edu/data.shtml). The LUH dataset provides gridded annual fractions of total cropland (LUH variable g crop ) and managed grassland (g past ) at a spatial resolution of 0.5 ∘ by 0.5 ∘ , which have been harmonized to provide a smooth transition from the historical period to each of the four RCP scenarios . In addition, LUH provides gridded information on biofuels (g biof ) in each scenario. LPJmL distinguishes 12 CFTs and an "others" category containing the remaining cropland, and also separates rain-fed from irrigated cropland. To add this information to the LUH dataset, it is combined with the default LPJmL historical dataset (Fader et al., 2010) , which is derived from a combination of crop-specific rain-fed and irrigated harvested areas (MIRCA2000, Portmann et al., 2010) , historical trends in cropland and managed grassland (HYDE3, Klein Goldewijk & van Drecht, 2006) and historical trends in irrigated areas (Hoekstra, 1998) . In case of inconsistencies between both historical datasets, managed grassland fractions are taken directly from g past . For cropland, relative CFT shares in each grid cell of the LPJmL default dataset CFT LPJmL are rescaled proportionally to match total cropland from LUH g crop :
To preserve irrigated areas, changes are preferentially applied to the rain-fed cropland share. Grid cells missing in the LPJmL default dataset but containing cropland in LUH are filled using the country-average CFT mix from the LPJmL default dataset. For the four RCP scenarios, the present-day CFT mix in each grid cell remains constant and is rescaled proportionally to match future total cropland g crop following Equation 2. Irrigated cropland is scaled proportionally with total cropland since the RCP scenarios do not include information on irrigated land. Future managed grassland fractions g past are taken directly from LUH.
Subregional information on the global distribution of irrigation systems is available neither for the historical period nor the future scenarios. Following the approach in Jägermeyr et al. (2015) , country-level shares of irrigation systems from AQUASTAT (FAO, 2014) are disaggregated to grid cells and CFTs through a decision tree approach, using the extent of irrigated areas by CFT and an irrigation system suitability table (full description in Jägermeyr et al., 2015) .
The LUH biofuel information g biof was not part of the original harmonization process, but was added to the LUH dataset at a later stage. For RCP2.6, RCP4.5, and RCP6.0 g biof represents a land fraction that has to be subtracted from total cropland g crop . CFT fractions are scaled down proportionally to make room for bioenergy. In cases where g biof is larger than g crop (because of the missing harmonization), preference is given to g biof , which is then expanded into g past and (if not sufficient) into natural vegetation. For RCP2.6 and RCP6.0 g biof in each grid cell is split equally between bioenergy grass and bioenergy tree (short-rotation coppice) plantations, except for cells where climate conditions prohibit tree growth (see Text S3 in the Supporting Information S1 for details). For RCP4.5 the LUH documentation specifies bioenergy crops to be herbaceous so g biof is assigned completely to the bioenergy grass BFT in LPJmL. For RCP8.5 g biof represents gridded harvested biomass amounts instead of land fractions. Bioenergy fractions in each grid cell g * biof are derived under the assumption that they are proportional to the bioenergy harvest share of total wood harvest:
with harvest wood the sum of LUH variables g sbh1 , g sbh2 , g sbh3 , g vbh1 , and g vbh2 (wood harvested from different sources) and frac wood the sum of LUH variables g fsh1 , g fsh2 , g fsh3 , g fvh1 , and g fvh2 (land fractions corresponding to harvested biomass). Short-rotation coppice plantations are simulated on all RCP8.5 bioenergy land fractions, which reduce the area available for natural vegetation. No irrigation is applied to bioenergy plantations in any of the RCP scenarios to avoid competition with food production for available irrigation water. Grid cell fractions not covered by cropland, managed grassland, bioenergy plantations or water are simulated with natural vegetation.
Additional inputs to LPJmL include a flow direction map (STN-30, Vörösmarty et al., 2000) and a database of the location and storage capacity of dams and reservoirs (GRanD, Lehner et al., 2011) , both of which affect 10.1002/2017EF000628 the routing of discharge through the river network (Biemans et al., 2011; Rost et al., 2008) , a gridded dataset of lake and river fractions based on the Global Lakes and Wetlands Database (Lehner & Döll, 2004) which affects the land area available in each grid cell. Soil data describing the thermal and hydraulic characteristics are taken from the Harmonized World Soil Database (version 1.2) and classified according to the USDA soil texture classification (http://ufdc.ufl.edu/IR00003107/00001).
Simulation Setup
To allow for the individual evaluation of CC and LUC effects as well as their combined impact on the biosphere, four parallel lines of simulations are conducted for each climate model (bottom-left schematic in Figure 1 LAI max calibration of yields is performed on a decadal basis for five decades from 1961 to 2010 for which FAOSTAT national yield statistics are available (FAO, 2016) , using the observational climate data sets from bias correction to drive the model. Historical trends in agricultural intensity are derived by linear regression for each country and each CFT and are then extrapolated into the future with a maximum upper limit of LAI max = 7. For countries with negative historical trends, these are reversed in the future. This procedure introduces some agricultural intensification in the future, but is not intended to reproduce productivity increases assumed in each of the original IAM scenarios the RCPs are based on. While management intensity has an impact on the Γ metric Ostberg et al. (2015) showed that its effect is minor compared to the first-order effect of changing natural vegetation into cropland/managed grassland.
Time series of Γ for each climate model are derived by comparing 30-year moving windows of LUC CC simulations to concurrent windows in the three reference runs LUC noCC , PNV CC and PNV noCC . ΔV, c, g, and b from Equation 1 are calculated from the window mean while S is estimated from the interannual variability within the 30-year window.
CC and LUC Forcing in the RCPs
Radiative forcing in the RCP2.6 scenario used here to represent a Paris success peaks before mid-century and then declines to 2.6 W/m 2 by 2100. CO 2 emissions in the less ambitious INDC+ and INDC scenarios peek roughly 20 (RCP4.5) and 40 years (RCP6.0) later than in the Paris success case, and radiative forcing stabilizes only after 2100 at 4.5 and 6 W/m 2 , respectively (van Vuuren et al., 2011a) . Out of the three scenarios, only RCP2.6 is likely to achieve the ultimate goal of the Paris Agreement of limiting global warming to below 2 ∘ C (Collins et al., 2013) . CO 2 emissions in the illustrative Paris failure (RCP 8.5) scenario keep rising throughout the 21st century, and radiative forcing reaches 8.5 W/m 2 in 2100, with a stabilization only after 2200. All four scenarios analyzed in this study project an increase of global population combined with an increase in per capita food demand and feature an increasing contribution of biofuels to the global energy mix (van Vuuren et al., 2011a) . Despite these similarities, their global land use area varies between roughly 3700 and more than 6000 Mha in 2100 (Table 1) . Besides total area, the scenarios differ in terms of the relative share of cropland, managed grassland, and bioenergy plantations and regarding the placement of land use ( Figure S1 in (Thomson et al., 2011) , whereas INDC (RCP6.0) reduces grazing-based livestock production, leading to a net abandonment of 47% of global pastures (Masui et al., 2011) . In addition to the highest CC forcing, the Paris failure (RCP8.5) scenario also features the largest expansion of managed land of all four scenarios (Table 1) . The RCPs cover a wide range of assumptions regarding future yield gains, intensification of livestock production and dietary shifts (van Vuuren et al., 2011a) . The land use patterns resulting from these assumptions are assessed here in terms of their impact on the biosphere.
Results
At the end of the historical period (1976-2005 time slice), human interference with the terrestrial biosphere through the interaction of CC and LUC has already caused major impacts (Γ > 0.3) in landscapes covering 25%-30% of the ice-free land surface (full impact in Figure 1 , range across 20 climate models). Given that more than 75% of all landscapes worldwide contain some amount of managed land (Ellis et al., 2010 , see also Figure S1 in the Supporting Information S1) the full impact is usually a combination of CCand LUC-driven changes, but values of the individual effects are not necessarily additive: major CC and LUC effects can co-occur within the same landscape, but the full impact may also attain values of Γ > 0.3 in landscapes where both individual effects are below that threshold. Because of the complex way in which CC and LUC affect the individual parameters describing landscape states it is even possible for the full impact to be smaller than the individual effects. Globally, LUC is the main driver of change, responsible for major impacts on 18%-19% of the land surface compared to 5%-10% subject to major CC impacts (land use change effect and climate change effect in Figure 1 , respectively).
Paris Success
In case of a Paris success (RCP2.6)-which would limit global warming to below 2 ∘ C above preindustrial level-major CC effects are limited mostly to cold (tundra, boreal forests) and dry regions (deserts and grasslands, Figure 2 ). They are still projected for 22% (16%-27% model range) of the global land surface by 2070-2099 (climate change effect, Figure 1 ), which represents a two to fivefold increase over the historical period. Even in this low warming scenario, tundra ecosystems may lose more than half of their preindustrial extent (Figure 3 ). Boreal forests are simulated to expand into the tundra, while on the other hand tree composition shifts toward temperate species along their warm edge ( Figure S3 in the Supporting Information S1). Based on the RCP2.6 land use scenario, LUC is estimated to expose landscapes covering 23% of the land surface to major impacts by 2070-2099 (22%-25%, land use change effect, Figure 1 ), which roughly equals the extent of major CC impacts. Land use expansion is concentrated in tropical forests as well as tropical savannas and grasslands, where areas of major LUC effects expand by 59% (33%-74%) and 88% (51%-140%), respectively, compared to the historical period ( Figure S5 in the Supporting Information S1). At the global scale, human interference with the biosphere through both CC and LUC is projected to CC and LUC contribute roughly equally to major full impacts in tropical savannas and grasslands, but there is little spatial overlap between major impacts caused by both effects (Figure 2) . In Asia and the western U.S., co-occurring minor or moderate CC and LUC effects amplify in temperate savannas and grasslands to cause major full impacts in roughly 46% more landscapes than the sum of both individual effects. A similar amplification effect is found in forests in Eastern Europe.
INDC+ Scenario
Less ambitious CC mitigation under INDC+ translates into considerably higher numbers of landscapes with major CC effects, eventually covering 34% (27%-42%) of the land surface by the end of the century (Figure 1 ). This represents a 54% (32%-83%) increase over the Paris success scenario and a four to sevenfold increase over the historical period . In cold biomes three quarters of climate models agree on major CC effects for more than 80% of the tundra and more than 40% of all boreal forests ( Figure Supporting Information S1). Changes in the high latitudes are not only driven by temperature rise, which extends the growing season length, but also by an increase in precipitation projected for that region. Major CC effects are also projected for roughly half of all tropical and one third of all temperate savannas and grasslands. For tropical forests, moderate CC effects (0.1 < Γ < 0.3) dominate, with major CC impacts projected for 14%-29%. CC impacts in temperate forest regions are still widely below the moderate threshold (Γ < 0.1, Figure 2) . The underlying RCP4.5 scenario has a strong afforestation/avoided LUC emissions component to its emissions mitigation strategy (Thomson et al., 2011) . After some land use expansion during the early 21st century, managed land is reduced in all biomes except tropical savannas ( Figure  S4 temperate forest landscapes to major full impacts than INDC+ (Figure 3 ), even though major CC effects are simulated for two to five times and two to three times as many landscapes in tropical and temperate forests, respectively under INDC+ ( Figure S6 in the Supporting Information S1).
INDC Scenario
Under INDC (RCP6.0), major CC effects are projected for 41% (34%-50%) of the land surface by 2070-2099, an 83% (62%-121%) increase over the Paris success scenario (Figure 1) . The largest expansion of major
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CC effects is projected for tropical forests, especially in Africa and South America (Figure 2 ). CC causes an expansion of tropical seasonal forests at the expense of both tropical evergreen forests and tropical savannas ( Figure S3 in the Supporting Information S1). However, some of these areas, especially in Africa, are heavily used as pastures and cropland, which may suppress climate-driven forest expansion. In terms of LUC forcing, INDC has slightly less total managed land than INDC+ (Table 1) , but only the global pasture area is strongly reduced in this scenario, whereas croplands are relocated partially between biomes and overall expand by 4% globally. Cropland expansion takes place mostly in tropical and temperate forests ( Figure S4 in the Supporting Information S1). In addition to cropland expansion, land for dedicated bioenergy plantations is also located mostly in tropical forests and temperate forests and savannas. On the other hand, abandonment of pasture areas takes place mostly in tropical and temperate savannas and grasslands and tropical forests, leaving only temperate forests with a net increase of total agricultural area. At the global scale, landscapes with major LUC effects cover 13%-16% of the land surface by 2070-2099, slightly more than in the INDC+ scenario (Figure 1 ). Major full impacts are projected for 54% (47%-61%) of the global land surface. During the second half of the 21st century, relatively low LUC impacts (compared to today and the other scenarios) can no longer compensate for increasing CC impacts, and INDC is likely to expose more landscapes to major impacts than either Paris success or INDC+ in all biomes by 2070-2099 (Figure 3 ).
Paris Failure
More than half the land surface-54% with a model range of 48%-65%-is projected to experience major CC effects by 2070-2099 in the Paris failure scenario (Figure 1 ). This is roughly the same area as is projected to experience major impacts from both CC and LUC under the INDC scenario. Even though boreal forests may replace up to 97% of all tundra regions (Figure 3 , ensemble mean 71%), increased mortality of boreal trees along their warm edge due to heat and water stress can often not be compensated fast enough by temperate tree recruitment, causing a wide-spread shift to a savanna-like state in both Russian and Canadian boreal regions ( Figure S3 in the Supporting Information S1). The extent of biome transitions between tundra, boreal forests, and temperate savannas represents the largest area of climate-model related uncertainty in our simulations. Our findings are in general agreement with earlier studies that reported high risk of biome shifts in the high latitudes (e.g., Beck & Goetz, 2011; Gonzalez et al., 2010; Scholze et al., 2006) , but responses were also found to differ considerably between vegetation models (e.g., Sitch et al., 2008; Warszawski et al., 2013) . Major CC effects are also projected under the majority of climate models in large parts of the Amazon and African equatorial rainforests and South-east Asia (Figure 2) . The underlying RCP8.5 features the largest total managed land of all four scenarios, with an increase of nearly 25% over present day (Table 1) . At the global scale, landscape changes from LUC are still slightly lower than in the Paris success scenario, causing major impacts on 22% (21%-23%) of the land surface (Figure 1 ). They are particularly strong in South America, tropical Africa, India, and China, while LUC impacts decrease below present-day levels in parts of Europe and North America. Human interference with the biosphere through both CC and LUC is projected to put 73% (67%-80%) of the global land surface at risk of major landscape change by 2070-2099. Moderate changes (0.1 < Γ < 0.3) are simulated for another roughly 20% of the land surface, leaving a mere 3%-8% of ice-free landscapes worldwide with only minor biosphere changes.
While the Γ metric allows for a quantitative comparison of the magnitude of change its integrated value gives little indication of the type of change. Text S5 and Figure S7 in the Supporting Information S1 provide a decomposition of Γ into its components and illustrate the contributing factors to landscape change in different biomes. All results presented here use the area affected by Γ > 0.3 to aggregate impacts of CC and LUC at the landscape level to the biome or global scale, which essentially ignores landscapes with moderate or only minor impacts. In the Supporting Information S1, we test using the area-weighted global mean Γ as an alternative global measure (Text S6, Figure S8 of Supporting Information S1). This does not affect the ranking of scenarios relative to each other, but it does reduce the spread between scenarios. It also reduces the relative increase of impacts between the present-day state and the end of the scenario period. We also test the sensitivity of our results to the threshold used for Γ and find that most results are robust, except that lower thresholds reverse the ranking of Paris success and INDC+ in terms of the full impact ( Figure S9 of Supporting Information S1).
Discussion
We find that, with the exception of a full Paris success, CC is projected to take over as the main driver of major landscape change at the global scale by mid-century, and by the end of the century, major CC effects are projected for more than twice the area that experiences major LUC effects (Figure 1 ). In the Paris success case, CC roughly catches up with LUC. This finding is in qualitative agreement with earlier studies that found stronger effects of CC than LUC on biome distribution during the 21st century (Boit et al., 2016; Davies-Barnard et al., 2015) . Two of the scenarios studied here, Paris success and INDC+, expose almost the same amount of areas worldwide to major change despite roughly 0.8 K difference in global mean temperature rise. CC impacts that are avoided under Paris success are compensated by LUC impacts which are higher than in all the other three studied scenarios. While this finding might suggest that strong climate mitigation (Paris success) provides no benefits-and may even cause more harm-to the terrestrial biosphere compared to the less ambitious INDC+ scenario it is important to have a closer look at the underlying scenarios to understand whether the differences are indeed a result of the level of climate mitigation ambition or caused by other factors. In the RCP development process, each RCP scenario was constructed by a different IAM modeling group (van Vuuren et al., 2011a) . While RCP8.5 represents a high-emission "baseline" scenario without any CC policies (Riahi et al., 2011) , all the other IAMs used their own unique baseline conditions and then added climate mitigation measures to limit global warming in the most cost-efficient way (Masui et al., 2011; Thomson et al., 2011 ; van Vuuren et al., 2011b) . As such, the baseline scenarios differ regarding key socioeconomic driving forces such as population, economic and income development, energy and land use (van Vuuren et al., 2011a) . For example, the reference scenario for RCP4.5 (INDC+) has approximately 20% more agricultural land than the reference scenario for RCP2.6 (Paris success) (Thomson et al., 2011; van Vuuren et al., 2011b) . RCP4.5 uses a universal carbon tax to induce reductions in GHG emissions from baseline conditions which applies equally to all emissions regardless of the source (industry, energy, land use) and creates a strong financial incentive in the IAM to avoid land use expansion and even leads to a large increase in forest extent (Wise et al., 2009a (Wise et al., , 2009b , while still fulfilling food demand by shifting cropland to higher-yielding regions and shifting toward food products with a smaller carbon footprint (Thomson et al., 2010 (Thomson et al., , 2011 . As such, the reductions in global cropland and pasture areas (see Table 1 ) are an integral part of the mitigation strategy of the INDC+ scenario, working in addition to the use of bioenergy to reduce emissions. It appears that no similar mechanism is present in RCP2.6 (Paris success) because mitigation from baseline conditions leads to an overall increase of the agricultural area, caused by an expansion of bioenergy (and BECCS), which is higher than in INDC+, and cropland expansion to balance a climate-driven reduction of crop productivity assumed in the IAM (van Vuuren et al., 2011b ). An assessment of the technological assumptions made in the IAMs or the general feasibility of mitigation strategies in the RCPs is far beyond the scope of this analysis, but the lower agricultural area in RCP4.5 does not appear to be caused by different baseline assumptions in RCP2.6 and RCP4.5, but rather by the question how land use policies are affected by climate policy in each IAM.
Since the development of the original RCP scenarios, the CC research and the land system science community have collaborated to produce a new set of harmonized socioeconomic scenarios, the so-called Shared Socioeconomic Pathways (SSPs). The SSPs comprise five baseline scenarios describing alternative narratives for the 21st century, including sustainable development, regional rivalry, inequality, fossil-fueled development, and middle-of-the-road development, and IAM groups were asked to develop mitigation scenarios consistent with each baseline leading to each of the radiative forcing levels of the RCPs (Riahi et al., 2017) . The SSP LUC scenarios should allow for a more systematic assessment of LUC impacts in the different RCPs (Popp et al., 2017) ; however, they are currently available from the SSP database (https://secure.iiasa.ac.at/ web-apps/ene/SspDb/) only at the spatial disaggregation level of five world regions which makes them unsuitable for an impact assessment such as ours.
To allow for a more robust assessment of the impacts of future LUC, scenarios would need to provide more detailed information. For example, no information on crop irrigation is included in the RCP scenarios. Irrigated crops currently account for 33% of total crop production even though only 16% of global cropland is actually irrigated , and irrigation represents the largest human freshwater use accounting for approximately 70% of all human water withdrawals and approximately 90% of freshwater consumption (e.g., Döll et al., 2012; FAO, 2012) . We use present-day irrigated areas and scale them linearly with future changes in total cropland to derive future irrigated areas (see subsection 2.1 of the 10.1002/2017EF000628 Methods). Given the required increase in crop productivity, we likely underestimate irrigation requirements especially in the INDC+ scenario. Although water abstractions already exceed local renewable supplies in some regions, which may hamper future irrigation expansion (e.g., Döll et al., 2014; Vörösmarty et al., 2005) , Jägermeyr et al. (2016) estimate a huge potential to increase crop production through integrated crop water management: combining irrigation efficiency improvements and low-tech solutions for small-scale farmers on water-limited croplands they calculate possible increases of global production of more than 40% if these measures were applied globally, all without increasing water withdrawals or expanding total cropland. The RCP scenarios also lack information on fertilizer use. Intensification has been a major driver of crop production increases during the second half of the 20th century, facilitated among other factors by a 500% increase in fertilizer use (FAO, 2016; Foley et al., 2011; Tilman et al., 2001) . Low fertilizer use in many developing countries, especially Sub-Saharan Africa, is a chief reason for large yield gaps existing in these regions, providing both opportunities for and challenges to future crop production increases (Bruinsma, 2003; Cassman et al., 2005; IAASTD, 2009) . At the other end of the spectrum, leaching and atmospheric emissions of excess nitrogen cause acidification and eutrophication in aquatic ecosystems, and high nitrogen deposition may induce species composition changes, enhance susceptibility to stress, cause direct foliar damage, and as a whole is linked to reduced plant species richness in many terrestrial ecosystems (Bobbink et al., 2010; Dise et al., 2011; Erisman et al., 2013 ).
These observations illustrate that the LUC scenarios underlying analysis such as our present study are a source of considerable uncertainty: their dependence on assumptions about global developments regarding increases in population, per capita demand, agricultural technology and management, policy measures influencing land use patterns and their consistency with co-evolving climate policy, interregional trade-offs etc., coupled with considerable model-structural and data-driven uncertainty, is difficult to overcome in a spatially explicit manner for a comprehensive assessment (e.g., Prestele et al., 2016) .
Conclusions
We show that, together, CC and LUC risk causing major ecosystem change in landscapes covering 38%-80% of the global land surface by the end of the 21st century. While LUC is currently the major anthropogenic pressure on the terrestrial biosphere at the global scale, we find that it will likely be outpaced by CC in the second half of this century unless global warming can be limited to well below 2 ∘ C. The large uncertainty range of impacts is caused primarily by the span of climate outcomes analyzed here: major CC impacts are projected for 16%-27% of the land surface in the most ambitious Paris success scenario, but for 48%-65% of the land surface in case of a Paris failure. In comparison, the best and worst-case scenario in terms of LUC impacts, INDC+ and Paris success, are projected to cause major impacts on 11%-13% and 22%-25% of the land surface, respectively.
Our analysis is restricted by the limited availability of land use scenarios of sufficient spatial and topical detail. Since the RCPs, research has gone into assessing and ultimately reducing the sources of uncertainties in future LUC projections (e.g., Prestele et al., 2016; Schmitz et al., 2014; Verburg et al., 2013) , but also into a better representation of sustainability aspects (e.g., Godfray & Garnett, 2014; Verburg et al., 2015) . The new SSP scenarios address some of the limitations of the original RCP scenarios discussed above. A subset of these scenarios will be disaggregated to a harmonized gridded resolution as a contribution of the Land Use Model Intercomparison Project (LUMIP) to CMIP6 (Lawrence et al., 2016) . Similar to the RCP LUC scenarios within CMIP5, evaluation of the SSP scenarios with coupled climate-carbon cycle models will then allow for the quantification of biogeophysical impacts of LUC such as albedo changes through afforestation which, in contrast to biogeochemical impacts, are not accounted for by IAMs. For the time being, the RCP scenarios represent the best available set of internally consistent scenarios of future CC and LUC.
Despite large uncertainties, our results emphasize the importance of ambitious climate mitigation in the pursuit of limiting humanity's impact on the terrestrial biosphere. While IAM simulations suggest that low warming scenarios can be achieved following a range of socioeconomic and technology assumptions we show that these very development pathways play an important role in determining future land use and therefore the full impact of humanity on ecosystems. According to our simulations, the focus on preservation and restoration of nonagricultural ecosystems (mostly forests) in the INDC+ scenario may be able to "offset" substantial additional warming compared to the more land-intensive Paris success scenario, assuming that the large productivity increases required under INDC+ can be achieved sustainably. To ensure that the Paris Agreement is a full success for the biosphere a co-transformation of the energy system (toward "clean" sources and efficiency improvements that limit CC) and the land use system (toward sustainable intensification that avoids and even reverses land expansion) will be required. Strategies proposed to achieve the latter include closing yield gaps in under-performing regions, increasing agricultural resource efficiency, diet shifts, and reducing waste (Foley et al., 2011) . However, even if a Paris success for climate could be combined with an optimistic INDC+-like land use scenario this would not be able to fully prevent a substantial expansion of areas with major human interference with the biosphere compared to today.
